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Summary
Objective: To develop a method to determine the distribution of articular cartilage in the hip and to evaluate the potential of the method in
a study of normal weight-bearing effects in asymptomatic young volunteers.
Design: Six volunteers were scanned after periods of standing and lying supine, using 3D gradient-echo magnetic resonance imaging (MRI).
The protocol was repeated for two successive weeks to determine reproducibility. The femoral and acetabular cartilage layers were seg-
mented as a single unit and thickness distribution maps were calculated using a spherical bone model as a frame of reference. Thickness
maps were combined over the population using the bone model and post-weight-bearing and post-resting maps were compared.
Results: Mean thickness values were compared using an analysis of variance and a signiﬁcant increase in cartilage thickness of 0.05 mm
(P¼ 0.02) was observed. The reproducibility of the method, assessed using testeretest coefﬁcient of variation was 2.5%.
Conclusions: The technique is reproducible, sensitive to sub-millimetre changes in thickness and may be useful in monitoring changes due to
disease progression in patients with arthritis of the hip.
ª 2006 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Cartilage
Repair
SocietyIntroduction
There has been considerable interest in recent years in de-
veloping quantitative magnetic resonance imaging (MRI)
methods to assess articular cartilage in the knee. Much of
this has been driven by a need for new biomarkers of osteo-
arthritis (OA) for use in longitudinal trials of potential new
therapies. Accurate and reproducible measurements of
both volume and thickness of knee cartilage have been pre-
sented using high resolution 3D gradient-echo imaging with
fat suppression1e3 and have been shown to be useful in
monitoring disease progression4,5. Changes in total cartilage
volume are small in OA, however, and increasingly studies
have concentrated on developing techniques for mapping
cartilage thickness in order to investigate local changes6e9.
Despite the major advances in quantitative magnetic res-
onance (MR) assessment of knee cartilage there is cur-
rently little in the literature on quantiﬁcation of hip volume
or thickness from MRI. McGibbon et al. have reported mea-
surements of acetabular10 and femoral11 cartilage thickness
in vitro but to our knowledge the only in vivo studies have
been performed by Nishii et al.12e14. MR assessment of
the cartilage of the hip is more challenging than that of
the knee. The MR resolution, which can be achieved in
a reasonable time and with adequate signal-to-noise is
lower because the location of the hip requires the use of
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Received 10 October 2005; revision accepted 28 March 2006.9surface coils. The spherical morphology of the joint leads
to partial volume averaging in the highly curved articular
cartilage surface. The joint space width is much narrower
in the hip compared with the knee making it difﬁcult to sep-
arate the cartilage on opposing articulating bone surfaces.
This problem was overcome in the work of Nishii et al. by
the use of continuous leg traction.
The main objective of this study was to develop a tech-
nique for producing cartilage thickness maps from MR
images that can be applied to the hip and that will allow
comparison across populations and in longitudinal studies.
The method we have developed uses the bone surface to
deﬁne a common reference frame. In this study we have
used the method to measure the effect of normal weight-
bearing on the distribution of cartilage in the hips of asymp-
tomatic young female adults. The study represents a ﬁrst
step towards developing hip cartilage thickness mapping
as a potential biomarker of OA.
Methods
SUBJECTS AND STUDY PROTOCOL
Six female volunteers aged 22e34, without symptoms or
history of any hip disorder were recruited for the study.
Local research ethical committee approval was obtained
prior to scanning and the volunteers gave informed consent.
Before each scan session commenced, the subjects were
asked to remain standing (or walking) for at least 1 h. The
subjects were then placed in the scanner supine, secured
in position with foam padding and with the feet turned in-
wards and tied together to obtain a reproducible orientation67
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3D gradient-echo images were acquired. The ﬁrst, opti-
mised for good cartilage delineation, took 11 min 11 s and
was acquired immediately following initial scanner set up
and scout scan. The second, optimised for good visualisa-
tion of the bone surface, took 8 min 54 s. The total time in-
side the scanner was approximately 35 min. Subjects were
then lifted onto a trolley and remained supine outside the
scanner for a further 35 min (total time supine: 1 h 10 min)
before being returned to the scanner for a second scan ses-
sion. The protocol was repeated a week later at the same
time of day so that a total of four complete sets of images
were acquired for each subject.
MRI PROTOCOL
Imaging was carried out using a 1.5 T Philips Gyroscan
NT Integra MR System (Philips Medical Systems, Best,
Netherlands). Two sets of 3D gradient-echo images of the
right hip were taken oriented with the slices in an oblique
sagittal direction. This slice orientation was chosen to be
perpendicular to the cartilage in the region most likely to
be affected by weight-bearing in order to minimise partial
volume averaging in this region. The ﬁrst acquisition used
a fat-suppressed, T1-weighted sequence (repetition time
(TR)¼ 58 ms, echo time (TE)¼ 11 ms, 40( ﬂip angle),
which provides a good contrast between the cartilage and
surrounding tissue. These images allowed a semi-automatic
segmentation of the hip articular cartilage. The second acqui-
sition used a T2-weighted sequence (TR¼ 15.4 ms,
TE¼ 5.9 ms, 25( ﬂip angle), with no suppression. This se-
quence produces images which allow the edge of the bone
to be identiﬁed for use as a common frame of reference.
Both image sets had an in-plane resolution of 0.78 mm, a slice
thickness of 1.6 mm and covered an identical ﬁeld of view re-
sulting in corresponding imageslices. Examplecorresponding
slices from the two imaging protocols are illustrated in Fig. 1.
IMAGE SEGMENTATION
Image segmentation was carried out to sub-voxel accu-
racy using a semi-automated method based on the livewire
algorithm15 implemented in the software package Endpoint
(imorphics, Manchester, UK). This algorithm has beenshown recently to produce accurate and reproducible seg-
mentation of cartilage16 and the method is considerably
faster than manual segmentation; typically a single image
set was segmented in under 1 h. The intra-observer coefﬁ-
cient of variation (CoV) for volume of knee cartilage obtained
by segmentation using the Endpoint package has previously
been measured at 1.8% (JCW, data not presented here). All
segmentations were performed blinded to weight-bearing
status and visit date, but not to patient ID.
The upper section of the femur was segmented on
a slice-by-slice basis from the T2-weighted images. It was
not possible to distinguish the acetabular and femoral carti-
lage layers on the fat-suppressed T1-weighted images due
to the narrow joint space width and adhesive nature of the
two layers at the weight-bearing area14, so the entire carti-
lage of the hip was segmented as a single unit.
DATA ANALYSIS
A simple geometric model was ﬁtted to the bone segmen-
tation in order to deﬁne a common coordinate system. A
spherewas ﬁtted to the femoral headusing aGausseNewton
least squares routine17. Thecentre of the sphereprovided the
origin of a common reference frame, and the radius of the
sphere was used as the scaling factor. A direction was pro-
videdby the shaft of the femur.Only the upper end of the shaft
is visible in the images, and this was found to be most simply
represented by a conic section. The axis of the cone together
with the centre of the sphere was used to deﬁne a plane,
which in turn deﬁned themeridian of a unique coordinate sys-
tem. An example bone segmentation together with the corre-
sponding sphere-plus-cone ﬁt is illustrated in Fig. 2.
Cartilage thickness maps were produced for each indi-
vidual data set using the following steps. First, a surface
was constructed from the cartilage segmentation using
the method of Williams et al.9. In this method, inner and
outer cartilage surfaces are identiﬁed for each segment
and the segments are then connected. The operation is au-
tomated, with manual correction to the labelling and/or con-
nections if required. The resulting quadrilateral mesh is
triangulated to generate inner and outer surfaces. Equally
spaced points were deﬁned on the surface of a unit sphere
by tessellation and mapped into the image coordinate sys-
tem using the bone model ﬁt parameters. CartilageFig. 1. Corresponding oblique sagittal slices from 3D MR image sets of the right hip using (a) a fat-suppressed 3D gradient echo and (b) a T2-
weighted 3D gradient-echo sequence.
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Fig. 2. (a) A typical bone segmentation and (b) the results of a ﬁt of a sphere-plus-cone model to the bone segmentation.thickness measurements were made along radial lines
passing through these points by ﬁnding the intersection
with the faces of the inner and outer cartilage surfaces.
The set of thickness values was then mapped back onto
the unit sphere to produce a cartilage thickness map in
the common reference frame.
Cartilage thickness maps were combined across individ-
uals and visits to produce population mean thickness
maps for the post-weight-bearing and the post-resting
cases. Thickness difference maps (post-resting minus
post-weight-bearing) were calculated for each individual at
each visit and these were also combined across individuals
and visits to produce a single population mean thickness
difference map.
Mean cartilage thickness values were calculated for each
individual data set by spatial averaging across each thick-
ness map.
STATISTICAL ANALYSIS AND REPRODUCIBILITY
Meancartilage thicknessvalueswerecomparedusinga re-
peatedmeasuresanalysis of variance (ANOVA),withweight-
bearing status and visit date as the repeated measures.
The overall reproducibility of the method was assessed
using the testeretest CoV of the mean thickness values.
For each subject, i, the CoV is deﬁned as the standard de-
viation of a series of measurements, si, divided by the
mean, mi and expressed as a percentage. The overall
CoV for a group of N subjects is the root mean square
average of the subject CoVs.
Testeretest CoV was also calculated separately for the
post-weight-bearing and post-resting cases. To test for
a signiﬁcant difference in reproducibility between the two
cases, the log ratio of the measurement at visit 1 to that
at visit 2 was calculated for each, and a linear regression
of the sum of the log ratios on the difference of the log ratios
was performed. A test of whether there is a signiﬁcant cor-
relation in this model is equivalent to a testing for a signiﬁ-
cant difference in reproducibility18.
Results
THICKNESS MAPS
An example cartilage thickness map, displayed superim-
posed on the unit sphere in the common reference frame, ispresented in Fig. 3. The medial view of the map is displayed
in Fig. 3(a) and this is also shown to be superimposed onto
the bone segmentation in Fig. 3(b) as an aid to the viewer in
orientation. The map represents the entire cartilage of the
hip with the acetabular cartilage superimposed onto the
femoral. The hole in the cartilage corresponds to the fovea
on the head of the femur for the attachment of the ligament.
Population mean thickness maps for post-weight-bearing
and post-resting are presented in Fig. 4. The horseshoe
shaped thicker region of cartilage corresponding to the ac-
etabular cartilage superimposed onto the femoral cartilage
can be seen more clearly in the population-averaged
maps. The cartilage appears to be thicker in the anterior re-
gion and has a thinner area superiorly, corresponding to the
region of weight-bearing. The most obvious difference visu-
ally between the mean post-weight-bearing and post-resting
thickness maps is in this superior region, central to the
horseshoe of acetabular cartilage, which appears to thicken
following the period of resting. This observation is conﬁrmed
in the mean difference map in Fig. 4(c) which shows a re-
gion of thickening anteriosuperiorly.
GLOBAL MEASURES
Mean thickness values across the cartilage surface for
each individual for post-weight-bearing and post-resting
are summarised in Table I and plotted in Fig. 5. In nine out
of 12 (2 visits 6 subjects) cases the mean cartilage thick-
ness increased following the period of non-weight-bearing.
The average global change was þ0.05 0.05 mm. The
ANOVA (Table II) showed that this increase was statistically
signiﬁcant (P< 0.02). There was no signiﬁcant change in
thickness due to visit date.
The reproducibility of themethod, expressed as the overall
testeretest CoV,was 2.5%. The testeretest CoV for the post-
weight-bearing case was 3.1% and for the post-resting case
was 1.7%. The linear regression of the sum of the log ratios,
i.e., log(mean_thickness_at_visit_1/mean_thickness_at_
visit_2) for the post-weight-bearing and post-resting mea-
surements, on the difference of the log ratios showed a posi-
tive correlation between the two parameters (R2¼ 0.47). This
trend towards a difference in CoV was not statistically signif-
icant (P¼ 0.12), but tends to suggest that the reproducibility
of the method post-weight-bearing may be slightly worse
than the reproducibility of post-resting.
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Fig. 3. (a) Medial view of an example cartilage thickness map for one of the subjects calculated from MR data taken post-weight-bearing,
displayed in the normalised common reference frame. The colour scale is in millimetres. In (b), the map is shown superimposed onto the cor-
responding transformed bone segmentation as an aid to orientation.Discussion
We have presented a method to produce hip cartilage
thickness maps and combine them across a population.
The head of the femur is approximately spherical in shape,
allowing a simple geometric model to be used. The cone ﬁt
to the upper section of the shaft of the femur deﬁnes a direc-
tion. The ﬁtting is simple with minimal user input; it does not
require manual deﬁnition of anatomical landmarks. In the
group of normal volunteers studied, the method aligns the
cartilage well between subjects and scan sessions, as evi-
denced by the alignment of the fovea in the cartilage thick-
ness maps. We have yet to test the method in OA patients.
Unlike the knee, in which separate cartilage compart-
ments are easily identiﬁed on an MR image, the hip has
a very narrow joint space and the acetabular and femoral
cartilage layers cannot easily be distinguished. Previous au-
thors used continuous leg traction to separate the cartilage
layers. This works well, but may be unacceptable to OA pa-
tients for the purpose of longitudinal studies and the tractionforce may itself affect the cartilage thickness distribution. In
the present study a different approach was adopted in
which the entire cartilage of the joint was segmented as
a single unit. The disadvantage of this approach is that it
is not possible to locate changes in thickness to particular
cartilage compartment, although an overall change in thick-
ness still provides a useful marker of disease progression. It
is also more prone to relative repositioning errors, which
can be overcome to a certain extent by careful positioning
of the subject. Both of these disadvantages are present in
the current gold standard used to monitor progression of
OA in the hip, which is the joint space as measured on
a plain radiograph19. Differences in the relative positioning
of the acetabular and femoral cartilage layers between sub-
jects may also lead to errors when combining maps over
a population and these errors may be larger in a patient
population.
The population mean thickness maps provide a direct vis-
ualisation of the distribution of cartilage in the hip. Further-1
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Fig. 4. Population-averaged thickness maps for (a) post-weight-bearing and (b) post-resting, medial view, displayed in the normalised common
reference frame. (c) Population-averaged thickness difference map (post-resting minus post-weight-bearing). Colour scales are in millimetres.
971Osteoarthritis and Cartilage Vol. 14, No. 10work is required to evaluate and further develop the tech-
nique in order to produce population thickness maps across
an OA population. These maps may be useful in future
studies of hip OA, both to compare overall thickness distri-
butions for normals and OA patients to identify regional ef-
fects of disease, and in longitudinal studies of progression
and/or therapeutic intervention. The population mean thick-
ness maps produced are consistent with a femoral articular
cartilage layer with a horseshoe region of acetabular carti-
lage overlaid. The local mean thicknesses are consistent
with in vitro measurements of cartilage thickness20,21 ex-
cept in the thinner superior region. This may be due to
Table I
Mean cartilage thickness values in millimetres for each individual
data set, calculated by spatial averaging across each thickness
map
Subject Visit Cartilage thickness,
post-weight-bearing (mm)
Cartilage thickness,
post-resting (mm)
Mean sd Mean sd
1 1 2.32 0.89 2.39 0.92
2 2.27 0.86 2.41 0.9
2 1 2.43 1.06 2.53 1.12
2 2.36 0.96 2.43 1.06
3 1 2.5 0.88 2.46 0.92
2 2.34 0.86 2.39 0.91
4 1 2.09 0.71 2.14 0.73
2 2.22 0.69 2.2 0.72
5 1 2.32 0.98 2.43 0.92
2 2.43 0.98 2.42 0.94
6 1 2.13 0.67 2.18 0.78
2 2.12 0.66 2.2 0.67
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Fig. 5. Mean cartilage thickness values for each individual for post-
weight-bearing (W) and post-resting (R) for each of the two visits.
The different symbols indicate different individuals.compression of the cartilage in vivo in the weight-bearing
area. The overall mean cartilage thickness was 2.3
0.13 mm which is not inconsistent with in vitro measure-
ments, e.g., Adam et al.21 quote a mean thickness of
1.3 0.17 mm for the separate femoral and acetabular car-
tilage compartments. Changes in the thickness distribution
as a result of unloading can be seen by directly comparing
the population mean thickness maps in Fig. 4(a and b). The
main difference is the anteriosuperior region and corre-
sponds to the region in which maximum contact pressure
has been observed in biomechanical studies22, i.e., to the
region of maximum weight-bearing. Examination of the dif-
ference map [Fig. 4(c)] reveals some regions of large
change (positive and negative) around the outer edges of
the femoral cartilage. These are likely to be artifactual,
due to partial volume errors in those regions where the an-
gle between the cartilage surface and the imaging plane is
small, and due to segmentation errors in determining the
extent of the cartilage around the head of the femur. Partial
volume errors may be reduced by reducing the slice thick-
ness although to retain sufﬁcient signal-to-noise it may be
necessary to scan at higher ﬁelds. In the present study,
the slice orientation was chosen to be oblique sagittal so
that the cartilage surface was perpendicular to the imaging
plane in the regions of maximum weight-bearing.
The statistical analysis of the spatially averaged cartilage
thicknesses showed that the difference observed due to
weight-bearing was signiﬁcant at a 2% level. The average
was taken over the whole cartilage surface but for improved
statistical power in an OA study it may be preferable to de-
ﬁne a priori anatomical regions of interest. In young adults,
unloading increases height by about 17 mm23 with 41% of
this change occurring in the ﬁrst hour recumbent. Most of
this variation arises from the compression of the cartilage
in the invertebral discs, but the articular cartilage in the
knee7, and no doubt ankle, also contributes as well as the
hip (as shown for the ﬁrst time in this study). Liess et al.24
measured signiﬁcant increases in the thickness of patellar
cartilage between images taken immediately after knee
bend exercise and after 45 min of rest. The tiny changes
in the hip were only detectable because of the averaging
across anatomical regions, subjects and visits enabled by
our technique. It should also be noted that degenerate car-
tilage responds differently to unloading, so our method may
also provide an index of cartilage quality.
Since cartilage is lost relatively slowly in OA, a technique
with adequate reproducibility is required to monitor OA dis-
ease progression. The reproducibility of our method in nor-
mal volunteers, as measured by the testeretest CoV, was
2.5%, which compares well with values quoted in similar
studies of the knee5. Further studies in a patient population
Table II
Summary statistics
Two-way repeated measures ANOVA
Source Sum of squares Mean sq F P
Visit (V) 0.0007 0.0007 0.1117 0.7
Weight-bearing
status (W)
0.0176 0.0176 11.55 0.019
VW 0.00004 0.00004 0.0221 0.9
Testeretest CoV
Weight-bearing 3.1%
Resting 1.7%
Overall 2.5%
972 J. H. Naish et al.: Cartilage thickness distribution in the hipare required to determine the reproducibility when changes
due to disease are present. The ability to detect the small
changes in thickness due to weight-bearing is an indication
of the sensitivity of the technique but this also highlights
a potentially confounding factor in OA studies. The repro-
ducibility of the measurements taken post-resting was
1.7% compared to 3.1% for the post-weight-bearing mea-
surements. Although this trend was not statistically
signiﬁcant we suggest that it may be advisable to include
a period of non-weight-bearing immediately prior to scan-
ning in a longitudinal OA study.
There are a number of shortcomings in the present study.
This was intended as a proof of concept using a relatively
small number of normal volunteers. Further studies, both
in volunteers and in patients, will be required to develop
and reﬁne the method. The MR image resolution is less
than ideal because of the relative size of the joint compared
to the imaging coil. This problem may be exacerbated in OA
studies, which often involve patients with a high body mass
index. To achieve acceptable signal-to-noise in a reason-
able time we opted for anisotropic voxels so maximising
the image resolution perpendicular to the cartilage in the an-
atomical regions most of interest. In the future it may be de-
sirable to image using higher ﬁelds to improve resolution
and we are currently investigating imaging the hip at 3 T.
A related problem is the inability to separate the cartilage
layers. While we were still able to make useful measure-
ments using an aggregate cartilage thickness in healthy vol-
unteers, it remains to be seen whether the errors in
repositioning become too large when dealing with OA pa-
tients in a longitudinal study in which disease progression
may change the alignment of the joint.
This study was motivated by a requirement for new bio-
markers of OA, which could be utilised in longitudinal studies
of potential new treatments. However, the techniques that
we have developed have a number of other potential applica-
tions, for example, in studying changes in cartilage thickness
associated with loading changes through the joint as a result
of osteotomy, ipsilateral joint replacement, or back surgery.
The technique could potentially be of beneﬁt in conﬁrming
the biomechanical models of joint loading and how these
alter cartilage loading (thickness) after such treatments.
In conclusion, we have presented a technique to produce
sensitive and reproduciblemeasurements of hip articular car-
tilage thickness. The technique allows thickness distribution
maps to be combined over populations and/or in longitudinal
studies. A statistically signiﬁcant increase in hip cartilage
thickness was observed as a result of removal of weight-
bearing. This increase tended to be localised in a region
expected to correspond to the region of maximum weight-
bearing contact pressure. With further development, the
technique may be useful in both population and longitudinal
studies of OA of the hip.
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